Introduction
Within the last 30 years EPR has become a powerful and indispensible tool for the study of paramagnetic species in heterogeneous catalysis and surface science [1 -5] . In principle EPR is capable of delivering information concerning the nature of paramagnetic species, their electronic and geometrical structure, their interaction with the surroundings, their reactivity and kinetics. An accurate characterization of a paramagnetic species and of the interaction with its surroundings is a formidable task. It requires the determination of as many as possible Spin-Hamilton parameters, including the orientation of the principle axes of the various tensors. In addition a careful analysis of the lineshape is necessary to elucidate dynamical aspects [6, 7] , and kinetic studies may involve time-resolved EPR techniques on various levels of sophistication. An ideal EPR experiment therefore requires a well-defined system, e.g. a single-crystal surface. Although very few experiments have been carried out on such systems (e.g. [8] ) demonstrating the capacities of EPR spectroscopy, the overwhelming majority of materials in heterogeneous catalysis is in a polycrystalline or, even worse, amorphous state. Therefore, the determination of the orientation of the principal axes of the various tensors is a priori not possible. Orientational In the case of inhomogeneous line broadening a considerable resolution enhancement can be achieved by applying techniques, which are capable of directly measuring NMR transition frequencies in paramagnetic systems. It is the purpose of this paper to discuss with this respect the possible applications of more advanced EPR techniques, like the various forms of Electron Nuclear Double Resonance (ENDOR) spectroscopy [9 - 11] and Electron Spin Echo (ESE) spectroscopy [12, 13] , the pulse variant of cw EPR. In addition, the closely related method of Muon Spin Rotation (pSR) [14] will be discussed in view of its potential contributions to the study of Muonium, the light isotope of hydrogen, and muonium-labeled organic radicals on surfaces.
Electron nuclear double resonance
In an ENDOR experiment one simultaneously performs an EPR and a NMR experiment by observing the effect of a strong radio frequency (rf) field on a partially saturated EPR absorption. The As an example of (2), the EPR and ENDOR spectra of VO2 + adsorbed on NaY [18] are shown in Fig. 1 [19, 20] . A theory of polycrystalline ENDOR patterns for dominant ganisotropy [19] In contrast to the orientation selected ENDOR spectra, powder type spectra are obtained for arbitrary magnetic field settings or whenever conditions (1) and (2) are not fullfilled. In general, the ENDOR intensity will be the better the lower the hyperfine anisotropy is. Thus, j?-couplings of organic free radicals are usually quite well resolved since their anisotropy constitutes often only a small fraction of the isotropie hyperfine coupling. In contrast, signals due to -protons are often smeared out over a large frequency range and difficult to detect [9, 15] . Indeed, the ease with which it is possible to measure small ß-couplings accurately has enabled Clarkson [22] to show that the^-couplings of the perylene cation radical adsorbed on metal oxide surfaces can be used to monitor the interaction strength of the radical with the acidic adsorption sites. The^-couplings were not resolved in the EPR spectra.
So far, we implicitly assumed the cross relaxation rate (T~l) to be slow compared to the electron and nuclear spin-lattice relaxation rates (T[el, Tfn1). If, however, Tx < Tle, Tln a true powder pattern is obtained, i.e. all possible orientations contribute irrespective of which part of the EPR spectrum is saturated. This case has been treated by Dalton and Kwiram [23] . Under this condition ENDOR-induced EPR may be used to separate overlapping EPR spectra.
In the last few years Schweiger and coworkers introduced a number of advanced techniques with the aim to simplify complicated single-crystal spectra. Among them, ENDOR utilizing a circular-polarized (CP-ENDOR) [24] or a polarization-modulated (PM-ENDOR) [25] 
Matrix-ENDOR
Besides the anisotropie lines a common feature in the spectra of disordered materials is the so-called Matrix-line [26] occurring at the free nuclear precession frequency. This line is due to weakly coupled nuclei, the main interaction being the electron-nuclear dipolar interaction. As an example, the Matrix-line originating from the interaction between the KgH surface defect centre in the MgO (111) crystal face and physisorbed H2 at 4.2 is shown in Fig. 2 [27] . An average interaction distance of <r> = 0.52 nm has been inferred from the line-width.
A quantitative analysis of the lineshape following the ideas of Hyde and coworkers [26, 28] is, in general, tedious and does not always provide a unique set of parameters [15] . The lineshape is particularly sensitive to the nuclear relaxation mechanism. Given a S = 1/2, / = 1/2 spin system a Pake doublett would be expected for an isotropie nuclear relaxation rate Ti". However, assuming that the nuclear relaxation occurs primary through the modulation of the electron-nuclear dipolar interaction via the relaxing electron spin, ^1 becomes orientation dependent and the doublett merges into a singulett [26] . Within the last few years it turned out that the analysis of the modulation effect in ESE spectroscopy is better suited to obtain structural informations from very weakly coupled nuclei [12, 13] (2) it is evident that the modulation depth increases strongly with the number of interacting nuclei and a decreasing electronnuclear distance. In addition, the modulation depth also increases with the nuclear spin / [29] . However, it has to be recalled that close and therefore strongly interacting nuclei are ESE-silent. In disordered matrices a simulation of the ESE spectrum requires, in principle, a geometrical model for the mutual arrangement of the interacting nuclei. On the other hand it is the aim of the experiment to establish such a model. Consequently, Kevan et al. [31] where r is an effective shell distance. This model is now widely accepted [32] . A fit reveals three parameters, the number of interacting nuclei, their effective distance and the Fermi contact interaction.
As an example the two-pulse ESE spectrum for impregnated Cu2 + in a silica gel activated at 1000 with subsequently adsorbed deuterated ethylene is shown in Fig. 4 [33] . The [36] demonstrated a phase-cycling excitation method, which eliminates these unwanted echoes.
The full potential of ESEM spectroscopy has been demonstrated by Kevan and coworkers [37, 38] [39] . 4 . Muon spin rotation Although chemists have appreciated for a long time the role of elementary particles, such as the electron, the proton or the neutron, in studies concerning the structure and dynamics of matter, other elementary particles are still regarded as being to some extent "exotic".
To begin with, it therefore seems appropriate to introduce in brief the positive muon and to emphasize its usefullness as a spin probe from the point of view of a chemist [40] .
The positive muon is produced in the parity-violating decay of a positive pion into a muon and a neutrino :
Like the proton it is a spin 1 ¡2 particle. However, its associated magnetic moment is 3.18 times larger than the proton magnetic moment, whereas its mass is smaller by a factor of 9. It is a short-lived particle (i1 [41] :
(1) Studies of the kinetics of Mu reactions in the gas phase and the liquid phase. Especially, the gas phase studies have provided a very critical testing ground for reaction rate theories.
(2) The determination of absolute rate constants of fast organic radical reactions in the liquid phase. In this case the muon is used as a passive spin probe.
The µSR-technique is outlined in Fig. 6 . Spin-polarized muons are stopped in a probe, which itself is placed in a magnetic field transverse with respect to the spin polarization of the incoming muons. The muon spin then starts to precess with a frequency depending characteristically on the locally experienced magnetic field. The evolution of the muon spin polarization in time and space is monitored by measuring the time, which the muon spends in the probe until it decays, and the direction of the emitted positron. The latter is preferably emitted along the instantaneous direction of the muon spin. The technique requires that only one muon at a time is present in the probe. Summing up events (typically a few million) for a given direction yields radioactive muon decay curves, modulated by muon spin precession frequencies. Analysis of these curves in the Fourier space [42] , reveals these frequencies (hyperfine couplings), their amplitudes (yields), their phases (information about the formation history) and their relaxation rates (incl. chemical reaction rates). Essentially, the technique parallels an ideal FT-NMR experiment, where one would monitor the FID after an infinitely strong 90°-pulse.
Like EPR, /zSR is not a surface specific technique. The main obstacle is, of course, to thermalize sufficient muons outside the bulk material. It has been firmly established that, by using a 7 nm diameter non-porous silica powder as a probe, the muons almost exclusively thermalize as Mu in the void regions between the powder grains [43] . A negative work function may be responsible for this observation [44] . Fig. 7 shows the relaxation rate for Mu on a silica surface as a function of temperature [45] . Below Fig. 6 [46] , the reaction of Mu with a platinum-loaded silica surface has been studied. The Pt-crystallites were covered by oxygen and a steep increase of the relaxation rate around 40 -60 has been interpreted in terms of a chemical reaction [47, 48] [49] . Using a hydroxylated silica surface, which was covered by appr. a monolayer of benzene, we were able to detect the cyclohexadienyl radical. The Fourier power spectrum is shown in Fig. 8 [50] . The simplicity of the spectrum is remarkable and it should be possible to study the behaviour of muonated radicals on surfaces. In order to measure the other nuclear hyperfme couplings one has to resort to the recently proposed [51] and developed [52, 53] 
Comparison
Although all three techniques directly measure NMR transition frequencies in paramagnetic systems, several distinct differences are apparent.
In disordered systems a lineshape analysis is, of course, most easily performed in t/SR. No instrumental perturbations (e.g electromagnetic fields, modulation effects etc.) are present, and, in addition all orientations of the paramagnetic species contribute to the lineshape. This is in contrast to the orientation selectivity in ENDOR and ESEM due to the finite excitation of the EPR spectrum. In ENDOR orientation dependent transition probabilities arise via the rf-enhancement effect and orientation dependent relaxation pathways. In ESEM it is the modulation effect itself which is strongly orientation dependent. E.g. neglecting quadrupole interactions, the modulation effect vanishes in a point-dipole model for B0 parallel or perpendicular to the electron-nuclear axis. Thus, for weakly interacting nuclei often only a bell-shaped signal is observed [54, 55] .
It is important to note, that the techniques monitor different regions of the spin density distribution. ESEM mainly operates in the low frequency region. The branching of transitions condition and the finite timing resolution imposes an upper limit of appr. 30 MHz. On the other hand, it is difficult to obtain an ENDOR response from weakly interacting nuclei with low gyromagnetic ratios due to difficulties in saturating the NMR transitions. Likewise it is difficult to measure weak nuclear hyperfine frequencies in /¿SR [53] . However, the timing resolution is much better than in ESEM and muon hyperfine frequencies of > 4 GHz have been measured [56] .
Compared to ENDOR the advantages of ESEM are: (1) 
